Introduction
Osteoclasts are large, multinucleated cells whose primary function is bone resorption. This process is regulated at multiple levels, including the proliferation and homing of osteoclast progenitors and their fusion into multinucleated cells (reviewed by Teitelbaum, 2000) . Upon identification of appropriate resorption sites, osteoclasts reorganize their small matrix adhesions -podosomes -into a circular adhesion structure at the cell periphery known as the 'sealing zone', and secrete protons and lysosomal enzymes into the space between the cell and the bone surface (Nesbitt and Horton, 1997; Salo et al., 1997) . These structures form readily on bone surfaces; similar organization of podosome super-structures was observed in cells grown on standard tissue culture surfaces (Calle et al., 2004; Lakkakorpi et al., 1993; Zambonin-Zallone et al., 1988) .
Podosomes are small (~1 m in diameter) dot-like adhesion structures found in osteoclasts, macrophages, dendritic cells and several types of transformed cells (reviewed by Linder and Aepfelbacher, 2003) . They consist of an actin core surrounded by a 'ring domain' containing ␣v␤3 integrin and several focal adhesion proteins (Zambonin-Zallone et al., 1989) . The actin core consists of a bundle of F-actin running perpendicular to the substratum, as well as several actin-associated proteins such as cortactin (Hiura et al., 1995) , Wiskott-Aldrich Syndrome protein (WASP) (Calle et al., 2004) , actin-related protein complex 2/3 (Arp2/3) (Hurst et al., 2004) , gelsolin (Chellaiah et al., 2000) and dynamin (Ochoa et al., 2000) . It has been proposed that these proteins acting in concert to regulate actin organization and dynamics at this site.
Previous studies (Destaing et al., 2003) have shown that podosomes in cultured osteoclasts can assemble into large super-structures such as clusters or rings, and eventually form a stable peripheral belt. The belt can further condense, giving rise to a ~4-m-wide actin domain flanked by outer and inner plaque domains containing integrins and focal adhesion proteins. This structure resembles the sealing zone found in bone-resorbing osteoclasts (Lakkakorpi et al., 1993) , and will therefore be referred to herein as a 'sealing-zone-like' (SZL) structure. The formation of podosomes, their dynamic properties, and their step-wise assembly into a SZL structure are essential for the resorptive activity of these cells.
One of the major mechanisms involved in the regulation of podosome development is tyrosine phosphorylation by the cytoplasmic kinase pp60 c-Src (Src). This enzyme is essential for osteoclast activity in vivo, because Src knockout mice suffer from severe osteopetrosis caused by deficient osteoclast activity (Soriano et al., 1991) . Osteoclasts derived from such
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mice cannot adhere and spread properly, and fail to give rise to mature sealing zones when plated on bone, or to SZL structures when plated on tissue culture dishes (Lakkakorpi et al., 2001) . Excessive Src activity (e.g. owing to the expression of an oncogenic Src mutant, v-Src), on the other hand, perturbs focal adhesions and induces podosome formation in a variety of cell types (Tarone et al., 1985) . However, despite the clear indication that Src is involved in osteoclast adhesion-mediated signaling Sanjay et al., 2001 ) and podosome assembly (Tarone et al., 1985) , the underlying mechanisms and the nature of the Src targets involved in podosome dynamics are still poorly understood.
Recently we have shown that the molecular composition of podosomes changes dramatically during osteoclast polarization: local levels of actin and plaque proteins increase, while tyrosine phosphorylation levels decrease (Luxenburg et al., 2006) . However, the nature of the phosphorylated target(s) and the subsequent effects on podosome dynamics during osteoclast polarization has yet to be clarified.
In the present study, we have addressed the involvement of Src, as well as the Src target protein cortactin, in podosome dynamics during osteoclast polarization. We demonstrate that actin associated with rings of podosomes and SZL structures is considerably more dynamic (by a factor of about two to three) than actin in clustered podosomes. However, the paxillin-rich plaque associated with the SZL structure is considerably more stable. Osteoclasts expressing a constitutively active Src are polarized and display ectopic rings with high turnover, yet they fail to form a stable, mature, SZL structure. By contrast, osteoclasts expressing a dominantnegative Src, lacking the kinase domain, do not polarize, and their podosomes are nearly stationary.
We further show that the actin-nucleating protein cortactin, which is a known Src substrate (Wu et al., 1991) , is highly tyrosine phosphorylated in clustered podosomes, but not in podosome rings or in SZL structures. This finding is consistent with the notion that the Src-mediated phosphorylation of cortactin reduces its capacity to enhance actin polymerization (Huang et al., 1997a; Huang et al., 1997b; Martinez-Quiles et al., 2004) . Moreover, we show that overexpression of a nonphosphorylatable cortactin mutant increases the turnover of podosomes, without inducing ring formation.
Results

Dynamics of podosome reorganization during osteoclast polarization
To study podosome dynamics, cultured RAW cells stably expressing GFP-actin, or transiently expressing YFP-paxillin, were induced to differentiate into osteoclasts. Four sequential patterns of podosome organization were observed in these cells: (1) individual podosomes scattered throughout the ventral cell surface. These structures typically consisted of an actin-rich core (Fig. 1A , ind pod/cluster, marked with an arrow) and a paxillin-rich ring domain surrounding the core (Fig. 1C , ind pod/cluster, marked with an arrow). (2) Podosome clusters (Fig. 1A ,C, ind pod/cluster) formed following accumulation or Fig. 1 . Dynamic development of podosome organization during osteoclast polarization. RAW cells, either stably expressing GFP-actin or transiently transfected with YFP-paxillin, were induced to differentiate into osteoclasts and were recorded at 15-second intervals by time-lapse microscopy. (A) Temporal ratio images of GFP-actin. Four distinct, consecutive stages of podosome organization are shown: Individual podosomes (ind pod/cluster) (see arrow); clusters; rings; and sealing-zone-like (SZL) structures. Temporal ratio images indicate new podosomes (~1-minute old) in blue, podosomes that disappeared within the same minute of recording, in red, and more stable podosomes in yellow (see color legend in Figure) . Actin reorganization in individual podosomes and clusters is slower than in ring and SZL structures. Note that clustered podosomes are less dynamic than ring podosomes within the same cell (ring, marked with arrowhead). (B) The quantitative data represent the average podosome life span (ALS) ± s.d., based on GFP-actin movies of five cells for every structure, obtained in three independent experiments. A total of 240 podosomes were examined for clusters and SZL structures; 220 podosomes were examined for rings. Statistical analysis based on the Student's t-test showed significant differences between cluster and ring structures (P<5ϫ10 -41 ), and cluster and SZL structures (P<5ϫ10 -41 ). (C) Temporal ratio image of YFP-paxillin. Paxillin ring domains in individual podosomes and clusters appeared less dynamic than in rings. Note the transition from an individual podosome to a cluster (ind pod/cluster 1' and 4', arrow). The SZL structure is a stable, continuous structure. The apparent sliding of the SZL structure was evident in the 10' temporal ratio image. Bars, 10 m.
'proliferation' of individual podosomes (Fig. 1C , ind pod/cluster 1' and 4', marked with arrows). (3) Podosome rings extending toward the cell periphery (Fig. 1A,C, ring) . (4) SZL structures consisting of a dynamic actin belt (Fig. 1A, SZL) flanked by stable paxillin belts at the periphery of the cell (Fig.  1C , SZL 1') (see also supplementary material Movies 1 and 2).
Temporal ratio analysis of GFP-actin movies revealed an increase in actin-core dynamics (Fig. 1A) upon the transition from clusters to rings, as manifested by the blue and red pixels dominating the image, and indicative of high turnover. A similar analysis of YFP-paxillin movies showed an increase in plaque reorganization upon cluster-ring transition, followed by stabilization upon maturation of the SZL structure (Fig. 1C) .
Calculation of the apparent life span of GFP-actin in podosomes (namely, the average length of time from the first appearance of a new podosome, until its dissociation; Fig. 1B ) was based on time-lapse movies, and indicates that actin in clustered podosomes has an apparent life span of 186±104 seconds. Upon transition into rings, a two-to threefold increase in the rate of actin reorganization was measured, reaching an average life span of 73±35 seconds. In SZL structures, the average life span of actin-rich structures was 84±44 seconds (for statistical evaluation, see legend to Fig. 1 ). The average life span of individual podosomes was not determined; because these structures are relatively rare and robust, statistical analysis could not be obtained. It was more difficult to quantify the dynamic reorganization of paxillin in the podosome ring domain because individual structures could not be readily Journal of Cell Science 119 (23) resolved. However, in sparse clusters, the life span of the plaque was comparable with that of the associated actin.
The overall dynamic reorganization in podosomes, visualized by time-lapse video microscopy, included instances of podosome fusion and fission ( Fig. 2A and B, respectively) similar to those reported for macrophage-associated podosomes (Evans et al., 2003) . Fusion or fission events were noted in ~30% of cluster podosomes and ~50% of podosomes associated with SZL structures. Time-lapse, two-color movies of GFP-pax and Cherry-act indicate that fusion or fission events occur at the level of both the actin-core and the ring domain, though changes in the local actin organization, apparently precede the changes in the paxillin-containing ring (see supplementary material Fig. S1 ). We also noted an apparent lateral 'sliding' of podosomes (Fig. 2C) as well as the sliding of the entire SZL structure (Fig. 1C, SZL 10' ).
To quantify these dynamic events, we used an autocorrelation analysis. For this, we segmented podosomes organized in clusters or SZL structures in the first frame of each movie; their subcellular location, area and intensity were then correlated with the fluorescence of the same pixels in each consecutive frame. An autocorrelation value of one indicated no change, and a value of zero indicated complete dissociation or translocation of the structure. The rate at which the correlation value declined corresponded to the dynamic reorganization of podosomes, including their turnover, fusion, fission, sliding and intensity changes. The correlation decay constant corresponded to the time it took for the correlation to reach a value of 0.37 (1/e). The average time constant for cluster-associated GFP-actin was 105 seconds, compared with 30 seconds for SZL structures (Fig. 2D ). Paxillin associated with these structures was considerably more stable than actin, with time constants of 195 seconds and 225 seconds, respectively ( Fig. 2D) .
It is noteworthy that, concomitantly with the transition to a more dynamic state, the transformation of a podosome cluster into a ring was accompanied by an ~tenfold increase in local GFP-actin intensity (Fig. 3A) . Image filtration suggests that the increase in GFP-actin intensity was related to an increase in both the actin core and the surrounding 'actin cloud'. Similar differences in GFP-actin or phalloidin staining intensity were also noted between the SZL structure and cluster podosomes in the lamella of the same cell (see Fig. 4 , act, and Fig. 7A , act). Unlike the increase in actin intensity, we noted a moderate decrease (15%) in the intensity of YFP-paxillin upon clusterto-ring transition (Fig. 2B) . However, the intensity of paxillin associated with the SZL region was about tenfold higher than the intensity of paxillin associated with cluster podosomes within the same cell, based on YFP-paxillin or staining for the endogenous protein (data not shown). We conclude that during the assembly of the SZL structure, actin dynamics increase two-to threefold, whereas paxillin associated with the same superstructure stabilizes.
The role of Src-induced tyrosine phosphorylation in podosome assembly and dynamics Tyrosine-specific phosphorylation of podosome components has been implicated in the regulation of podosome development (Tarone et al., 1985) . We previously demonstrated in primary osteoclasts that the transition from clustered podosomes to rings and SZL structures is accompanied by a decrease in phosphotyrosine (Luxenburg et al., 2006) . However, the nature of the phosphorylated molecule (s) has not yet been clarified. To investigate the mechanisms underlying the effects of tyrosine phosphorylation in our experimental model, RAW cells were induced to differentiate, then fixed and immunolabeled for actin and phosphorylated tyrosine (PY) (Fig. 4) . Quantitative fluorescence microscopy indicated that podosomes at all stages of development were tyrosine phosphorylated; yet the labeling intensity was found to be higher in podosome clusters than in rings and SZL structures (Fig. 4, PY) . Phosphorylation of individual and clustered podosomes was associated with both the actin-rich core and the surrounding ring domain. In rings of podosomes and SZL structures, podosome phosphorylation was predominantly colocalized with the plaque structure flanking the central actin belt, whereas phosphorylation along the actin-rich core was reduced (Fig. 4 PY/act ratio). In view of the involvement of Src in osteoclast function (Horne et al., 1992; Miyazaki et al., 2004; Sanjay et al., 2001; Soriano et al., 1991) , we investigated the involvement of Src catalytic activity in podosome development and dynamics. RAW cells stably expressing GFP-actin were infected with retroviral vectors encoding either a constitutively active Src (SrcY527F) or a dominant-negative mutant lacking the kinase domain (Src251) (Kaplan et al., 1995) (see supplementary material Movies 3-5). The expression levels of exogenous and endogenous Src in the stable cell lines were assessed by western blot analysis (supplementary material Fig. S2A ). Both SrcY527F-and Src251-expressing osteoclasts showed a ~60% decrease in endogenous Src compared with control cells. Moreover, the level of expression of Src251 was 30% higher than that of the endogenous, WT Src. (SrcY527F cannot be discerned from the endogenous Src in such an analysis.) To confirm that the phenotypes described below did not represent clonal variability, we confirmed the dynamic behavior in transiently transfected cells.
Temporal ratio images derived from time-lapse movies of GFP-actin-expressing cells (Fig. 5) show, in a control cell, a well-organized and dynamic SZL structure at the cell periphery, with nearly no podosomes located in the central part of the cell (Fig. 5, control) . Overexpression of the deregulated SrcY527F mutant resulted in the formation of polarized osteoclasts with poorly organized SZL structures (Fig. 5, SrcY527F) . The SZL structures in these cells displayed extremely rapid turnover. The average life span of actin cores in the mutant was 52±25 seconds, compared with 84±44 seconds in control cells. Moreover, cells overexpressing SrcY527F developed numerous ectopic podosomes, located at Journal of Cell Science 119 (23) the cell center. The average life span of these podosomes was 31±15 seconds. The average number of podosomes in SrcY527F was 2.7-fold greater than that found in polarized control cells (supplementary material Fig. S2B) .
Overexpression of the dominant-negative Src251 mutant (Fig. 5 , Src251 0.5' and 10') resulted in the inhibition of both cell spreading and ring formation: ~25% of the podosomes in these cells failed to turn over after 30 minutes. The average life span of podosomes that did turn over was 528±334 seconds, leading to an accumulation of podosomes throughout the entire ventral membrane (Fig. 5, Src251 10' ). On average, Src251 cells had almost three times as many podosomes than nonpolarized control cells (cells with individual and cluster podosomes) (supplementary material Fig. S2B ). Expression of a truncated mutant (i.e. Src251) in which the SH2 domain was inactivated by mutating Arg175 to Ala, did not exert these effects (data not shown).
To examine the organization of the podosome ring domains in cells expressing the Src mutants, cells were induced to differentiate, then fixed and double-immunostained for vinculin and actin. In control cells, vinculin-containing ring domains surrounded the actin cores (Fig. 6A, control, insert a) . In the SZL structures, vinculin flanked the actin belt at the cell periphery, giving rise to the characteristic double ring structure (Fig. 6A, control, insert b) . Expression of SrcY527F prevented the formation of the double ring structure at the cell periphery; furthermore, vinculin appeared disorganized, displaying considerable overlap with actin (Fig. 6A, SrcY527F ). Vinculin associated with the inner, ectopic podosomes was even less organized, and large amounts of vinculin were diffusely distributed throughout the cytoplasm. Osteoclasts overexpressing Src251 formed abnormal ring domains, which failed to mature and fully encircle the actin core (Fig. 6A,  Src251) . SZL structures were not detected in these cells, even when the cells were allowed to differentiate for a longer period of time.
To obtain further insights into the role of Src in podosome development, we localized Src (supplementary material Fig.  S3 ) and active Src (Src pY418) (Fig. 6B ) in untreated osteoclasts, as well as in osteoclasts overexpressing the different Src mutants. Osteoclasts expressed high levels of endogenous Src, which were localized throughout the cytoplasm, including the perinuclear area, whereas only low levels of Src were associated with the SZL structure (supplementary material Fig. S3A ). Src pY418 distribution was more restricted (Fig. 6B) , localizing in an inner belt along the actin peripheral belt (Fig. 6B, control) . Occasionally, a double belt was observed (data not shown). A similar distribution of Src pY418 was noted in SrcY527F-expressing cells (Fig. 6B,  SrcY527F) . In cells expressing Src251, active Src was detected next to the actin cores (Fig. 6B, Src251 ) similar to cluster podosomes in control cells (data not shown). In Src251, unlike control or SrcY527F osteoclasts, intense Src labeling was associated with each and every actin core (supplementary material Fig. S3A ). To assess the three-dimensional relationships of Src251 and the actin core, the transfected cells were subjected to two-color confocal microscopy, followed by 3D image reconstruction. X-Z images from such series show that the two proteins co-localize thorough the entire actin core bundle (supplementary material Fig. S3B) .
We conclude that actin turnover in podosomes is inversely 5 . Effect of modulation of Src activity on podosome organization and dynamics. Temporal ratio imaging of GFP-actin, based on time-lapse microscopy of osteoclasts expressing GFP-actin (control); co-expressing GFP-actin and SrcY527F (SrcY527F); or co-expressing or GFP-actin and Src251 (Src251). Notice the elevated rate of podosome turnover and formation of ectopic podosomes in the SrcY527F-expressing cells, and the predominance of stationary podosomes in the Src251-expressing cells (0.5' and 10'). The calculated average podosome life span (± s.d.) is 52±25 seconds in SZL structures of SrcY527F cells, and 31±15 seconds in the ectopic podosomes of the same cells. The life span of the dynamic podosomes in Src251-expressing osteoclasts was 528±334 seconds. These data were based on measurements taken in five cells, with >200 podosomes for each cell type. Bar, 10 m.
related to their tyrosine phosphorylation. Src scaffolding activity is sufficient to induce the formation of stationary clustered podosomes, while its kinase activity is essential for the proper assembly of the podosome ring domain, podosome maturation into rings, and their dynamic turnover.
The involvement of cortactin phosphorylation in the regulation of podosome dynamics The observation that modulation of Src activity affects podosome dynamics implies that specific Src targets, whose activity is differentially regulated by phosphorylation, are involved in this process. In this study, we explored the possibility that the effect of Src on podosome dynamics could be mediated by the Src target protein cortactin (Wu and Parsons, 1993; Wu et al., 1991) . Src phosphorylates cortactin sequentially on three tyrosine residues, Y421, Y466 and Y482 (Head et al., 2003; Huang et al., 1998) ; phosphorylation on Y421 is required for phosphorylation of the additional tyrosines (Head et al., 2003) , apparently affecting its actinnucleating activity (Huang et al., 1998; Huang et al., 1997a; Martinez-Quiles et al., 2004) . Knockdown of cortactin led to complete loss of podosomes in both osteoclasts (Tehrani et al., 2006) and in smooth muscle cells (Zhou et al., 2005) . However, the role of cortactin tyrosine phosphorylation in podosome dynamics is poorly understood. To explore this issue, RAW osteoclasts were fixed and triplelabeled for F-actin, cortactin and phospho-cortactin (pY421).
Like actin, cortactin is distributed throughout the cytoplasm, particularly in the actin cores and 'actin clouds' surrounding all types of podosomes (Fig. 7A , compare actin with cortactin, and notice the co-localization in the cor/act ratio). Phosphocortactin distribution, on the other hand, was more restricted (Fig. 7A, cor pY421) , indicating that although cortactin associated with the actin core in clustered podosomes was highly phosphorylated, ring-and SZL structure-associated cortactin was not (Fig. 6A , cor pY421/cor ratio). Cortactin phosphorylation in the SZL structures is predominantly associated with the actin cloud (supplementary material Fig.  S4 ). Similar differences in cortactin phosphorylation were detected in primary osteoclast-like cells (supplementary material Fig. S5A,B) .
To relate the state of cortactin phosphorylation to podosome dynamics in different activation states, RAW cells overexpressing SrcY527F or Src251 were induced to differentiate, and then fixed and triple labeled for actin, cortactin and cortactin pY421. A comparison of actin and cortactin distributions revealed the complete overlap of the two proteins in all the cells (Fig. 7B and C, cor and act). Cortactin phosphorylation was elevated in SrcY527F-expressing osteoclasts, compared with control cells. However, podosome clusters in cells expressing Src251 contained very high levels of phosphocortactin ( Fig. 6B and C, cor pY421/cor, respectively).
To directly probe the role of cortactin phosphorylation in regulating podosome dynamics, we decided to overexpress a WT cortactin or a mutant molecule, in which the three tyrosine residues normally phosphorylated by Src (Y421, Y466 and Y482), were mutated to phenylalanine (cortactin-3YF) (Huang et al., 1998) . Accordingly, we transfected RAW-derived osteoclasts with both constructs, and evaluated their localization to podosomes by co-staining for actin and the flag tag. Both constructs were localized to podosomes (Fig. 8A,B) .
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To evaluate the decrease in cortactin tyrosine phosphorylation, we used the water segmentation analysis to calculate the average intensity of both general and phosphorylated cortactin (cortactin pY421) specifically at the actin cores of clustered podosomes (Fig. 8C,D) . In control cells (transfected with GFPactin), cortactin was highly phosphorylated (Fig. 8C) . The ratio between the intensities of phosphocortactin and general cortactin was 7 (Fig. 8D) . Overexpression of WT or 3YF cortactin increased cortactin intensity at podosomes about tenfold (Fig. 8C ). In cells overexpressing WT or 3YF cortactin, the ratios between the phosphorylated cortactin and the general protein were much smaller: 1.3 and 1, respectively (Fig. 8D ). These changes in cortactin phosphorylation status are reminiscent of cortactin found at SZL structures (Fig. 7A) .
To relate the decrease in cortactin phosphorylation to podosome dynamics, we transfected RAW-derived osteoclasts with GFP-actin and either WT cortactin or 3YF cortactin, and monitored podosome dynamics. In control cells transfected with GFP-actin and an empty dsRED vector, actin cores of clustered podosomes had an average life span of 169±107 seconds (Fig. 9A,B, control) . Overexpression of WT cortactin significantly reduced the apparent podosome life span to 128±73 seconds (P<5ϫ10 -4 ) (Fig. 9A ,B, corWT), whereas expression of the 3YF mutant shortened the actin life span to 84±54 seconds (P<5ϫ10 -13 both for control vs. cor3YF and corWT vs. cor3YF) (Fig. 9A,B, cor3YF) . For statistical evaluation, see legend to Fig. 9 .
We then examined the role of cortactin phosphorylation in podosome dynamics and osteoclast polarization by expressing WT or 3YF cortactin or with an empty dsRED vector as a control in Src251 osteoclasts. In control cells, large arrays of static podosomes were evident (Fig. 9C, control) . In cells overexpressing WT or 3YF cortactin, podosome arrays were considerably smaller (Fig. 9C, corWT and cor3YF) ; furthermore, their actin cores were more dynamic than control podosomes. However, the increase in podosome dynamics did not lead to ring or SZL structure formation in these cells.
Discussion
The organization of podosomes and their assembly into superstructures such as clusters, rings and sealing zones, play a major role in regulating bone resorption by osteoclasts. In this study, we explored the involvement of Src and its substrate, cortactin, in podosome dynamics and maturation. We show herein that actin levels, as well as the rate of its reorganization, increase upon the transition of podosome clusters into rings, concomitantly with a decrease in the local levels of tyrosinephosphorylated cortactin. In fully polarized cells, the dynamic reorganization of actin remains high whereas paxillin, associated with the same superstructure, is considerably more stable. This finding suggests that the Src-dependent phosphorylation of cortactin downregulates cortactin activity, thereby suppressing podosome turnover. This notion is strongly corroborated by the finding that overexpression of cortactin, mutated in its major Src-phosphorylation sites, enhances actin dynamics in clustered podosomes.
It is interesting to note that the increase in actin dynamics in cells expressing non-phophorylatable cortactin did not impair cluster development, nor did it induce the formation of rings and SZL structures in cells overexpressing a dominantnegative Src. This observation sheds new light on the relationship between local actin reorganization and podosome maturation during osteoclast polarization. Specifically, it indicates that although a reduction in podosome dynamics is incompatible with ring formation, induction of high podosome turnover by expressing the 3YF-cortactin mutant is insufficient for triggering ring formation. Thus, Src appears to play a dual role in regulating podosomes: a local, cortactin-dependent effect on actin dynamic reorganization, and a cortactinindependent effect on global reorganization of the podosomal system during osteoclast polarization.
The interplay between Src scaffolding activity and catalytic activity deserves further discussion. Previous studies have shown that Src catalytic activity is crucial for focal adhesion turnover in fibroblasts (Fincham and Frame, 1998; Webb et al., 2004) whereas the scaffolding activity, mediated by the Nterminal SH2 and SH3 domains, can rescue the ability of cells to adhere and spread in Src-deficient fibroblasts (Kaplan et al., 1995) (reviewed by Carragher and Frame, 2004) . Furthermore, osteoclasts expressing kinase-defective Src manage to rescue the bone phenotype of Src-null mice (Schwartzberg et al., 1997) . This finding suggests that the scaffolding activity provided by catalytically inactive Src is sufficient to rescue the bone phenotype in the context of a live animal.
By contrast, it was reported that osteoclast polarization and bone resorption in culture requires kinase activity (Miyazaki et Fig. 8 . Overexpression of cortactin mutants decreases cortactin phosphorylation in podosomes. RAW-derived osteoclasts were cotransfected with GFP-actin and corWT-flag or GFP-actin and cor3YF-flag. Cells were fixed and stained for the flag tag. (A) CorWT and (B) cor3YF localized to podosomes. (C) Cells were fixed and stained for cortactin and cortactin pY421. Five control cells, eight cells expressing corWT and eight cells expressing cor3YF were segmented and the fluorescence intensity of their podosomes was determined. In control cells, the average cortactin intensity calculated (±s.d.) was 61±27 (cortactin) and 432±132 (cortactin pY421). In cells overexpressing corWT, the average intensities calculated were 638±288 (cortactin) and 811±271 (cortactin pY421). In cells overexpressing cor3YF, the average cortactin intensity calculated (±s.d.) was 512±230 (cortactin) and 501±189 (cortactin pY421). Note the ten-or eightfold increase in cortactin intensity in cells expressing corWT or cor3YF, respectively, and only a 45% or 16% increase in cortactin phosphorylation in these cells. (D) The ratio of phosphocortactin to general cortactin intensities.
al., 2004). The reasons for this apparent discrepancy between the in vivo and cell culture results are not clear. Our data, however, indicate that Src catalytic activity is crucial for at least three distinct processes associated with podosome development, namely: the proper assembly of the ring domain around the actin core (i.e. maturation of an individual podosome); regulation (via cortactin) of actin core dynamics; and the formation of podosome rings and, ultimately, a sealing zone. It should be emphasized that these Src-phosphorylation-driven processes require regulated Src activity; excessive, deregulated Src (e.g. the Src Y527F mutant) results in loss of normal structures, as a result of abnormally high podosome turnover.
The present study also highlights the role of cortactin in the regulation of podosome dynamics. Cortactin is an F-actinbinding protein that interacts with Arp2/3 (Uruno et al., 2001) and WASP/nWASP (Martinez-Quiles et al., 2004) to promote actin nucleation and polymerization (Wu et al., 1991; Uruno et al., 2001; Weed et al., 2000) . It is thus not surprising that cortactin co-localizes with F-actin in peripheral extensions of many cell types (Wu et al., 1991) , and in podosomes of all cell types, including osteoclasts, reported in the literature thus far (Hiura et al., 1995; Pfaff and Jurdic, 2001 ). Downregulating cortactin expression by siRNA prevents podosome formation in vascular smooth muscle cells (Zhou et al., 2005) and osteoclasts (Tehrani et al., 2006) suggesting a pivotal role for cortactin in podosome formation. It has been suggested that Journal of Cell Science 119 (23) cortactin comes into play at an early stage of de novo podosome assembly (Tehrani et al., 2006; Webb et al., 2006) . It is noteworthy that during osteoclast differentiation, cortactin levels increase 15-fold (Hiura et al., 1995) , in line with the notion that cortactin-mediated actin rearrangement plays a pivotal role in osteoclasts.
A central issue in this report concerns the effect of cortactin phosphorylation by Src on actin dynamic reorganization in living cells. It was previously shown that Src-mediated cortactin phosphorylation makes it more susceptible to calpain degradation (Huang et al., 1997b) , and decreases its ability to bind to F-actin (Huang et al., 1997a) , and to activate WASP/nWASP (Martinez-Quiles et al., 2004) . Here, we report that podosome structures with relatively high levels of phosphocortactin display low actin turnover, whereas areas enriched with non-phosphorylated cortactin are significantly more dynamic. These findings suggest that phosphorylation or dephosphorylation of cortactin can modulate podosome dynamics. This notion is further corroborated by the fact that overexpression of non-phosphorylatable cortactin considerably increases podosome dynamics. Recently, Tehrani et al. demonstrated that cortactin 3YF can localize to podosomes; however, it cannot substitute for the absence of endogenous, WT cortactin in osteoclasts (Tehrani et al., 2006) . Taken together, these findings suggest that although high levels of phosphorylation are essential for the de novo assembly of a podosome, low levels of phosphorylation are responsible for upregulating podosome dynamics.
It is well known that adhesion dynamics are regulated by a variety of signals, which result in specific, post-translational modifications in adhesion-related proteins that mediate adhesion assembly and turnover (Geiger and Bershadsky, 2002; Geiger et al., 2001) . In osteoclasts expressing constitutively active Src, we could only trace a moderate increase in cortactin tyrosine phosphorylation, whereas podosomes were highly dynamic. This observation suggests that in these osteoclasts, podosome turnover is not mediated by cortactin; rather, other targets phosphorylated by Src induce podosome turnover in these cells. Indeed, the ability of constitutively active Src to increase adhesion turnover was evident in fibroblasts in which cortactin is not associated with the adhesion structures (Fincham and Frame, 1998) .
On the other hand, in cells expressing dominate-negative Src, the overall phosphotyrosine of podosomes (data not shown) and, in particular, cortactin tyrosine-phosphorylation levels, were shown to be elevated. The same observation was made in different cell types expressing the same Src mutant (Kaplan et al., 1994) . We can still not conclusively explain the observed results, but would like to propose a rather simple model, according to which the Src251 mutant binds to podosomes, recruits elevated levels of phospho-cortactin to these sites via its SH2 domain, and possibly interferes with cortactin dephosphorylation.
The mechanisms responsible for cortactin dephosphorylation during osteoclast polarization are still unknown. One possible candidate is the downregulation of Src [e.g. by activating c-Src kinase (CSK)] in the developing rings and in the SZL structure, or the activation of specific tyrosine phosphatases capable of downregulating cortactin phosphorylation. The latter possibility is in line with the observation that, in osteoclasts derived from osteopetrotic mice lacking protein tyrosine phosphatase ⑀ (PTP⑀), normal podosome clusters fail to mature into rings and SZL structures (Chiusaroli et al., 2004) . Further studies of local actin dynamics in different podosomal structures, in the presence of various polymerization modulators, may shed light on the mechanisms underlying the assembly of the resorptive apparatus. Such experiments are currently underway.
Materials and Methods
cDNA, reagents and antibodies
GFP-actin (Ballestrem et al., 1998) , Cherry-actin was a generous gift from J. V. Small (Institute of Molecular Biology, Austrian Academy of Sciences, Salzburg, Austria), YFP-paxillin and GFP-paxillin vectors were constructed as described (Zamir et al., 2000) . Cortactin WT and cortactin 3YF were prepared as previously described (Wu and Parsons, 1993; Wu et al., 1991) . Src251, Src251R175L and SrcY527F were a generous gift from Harold Varmus (Sloan-Kettering Institute, Memorial Sloan-Kettering Cancer Center, New York, NY).
Primary antibodies used included: Monoclonal anti-PY, #4G10 (Upstate Biotechnology, Charlottesville, VA, USA); monoclonal anti-v-Src (Calbiochem, San Diego, CA), monoclonal anti-vinculin (clone hVin-1, Sigma, St Louis, MO, USA), monoclonal anti-cortactin (clone 4F11, Upstate, Waltham, MA) polyclonal anti-cortactin pY421, and polyclonal anti-Src pY418 (Biosource, Camarillo, CA). Secondary antibodies used were: donkey anti-rabbit IgG conjugated to Cy5, and donkey anti-mouse IgG conjugated to Cy3 (both showing minimal cross-reactivity with Ig of other species, for multi-labeling), and goat anti-mouse IgG conjugated to Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA). Actin was labeled with phalloidin conjugated to FITC (Sigma).
Cell culture, transfection, infection, fixation and staining RAW 264.7 cells were obtained from the American Type Culture Collection (Manassas, VA). To induce osteoclast differentiation, 100 cells/mm 2 were grown at 37°C in a 5% CO 2 humidified atmosphere for 3 days in alpha MEM with Earle's salts, L-glutamine and NaHCO 3 (Sigma) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY) and antibiotics (Biological Industries, Beit Haemek, Israel), 20ng/ml recombinant soluble receptor activator of NFB ligand (RANK-L) and 20 ng/ml macrophage colony-stimulating factor (mCSF) (R&D, Minneapolis, MN). Primary osteoclasts were prepared as previously described (Chiusaroli et al., 2004) .
Transfections (4 g plasmid DNA per 3.5 cm plate) were conducted with lipofectamine 2000 (Invitrogen, Carlsbad, CA) after 48 hours of differentiation. Cells were then allowed to differentiate for an additional 30 hours and then assayed. For retroviral infection, 293T cells were transfected with CA10 Src251 or CA10SrcY527F vectors, 30, 40 and 50 hours after transfection. The media containing viruses were applied to GFP-actin-expressing RAW264.7 cells. The cells expressing the constructs were selected with hygromycin B (Calbiochem).
For staining, cells were fixed for 2 minutes in warm 3% paraformaldehyde (PFA) (Merck, Darmstadt, Germany) + 0.5% Triton X-100 (Sigma), and then in PFA alone for an additional 40 minutes. After fixation, cells were washed three times with PBS, pH 7.4, and incubated with primary antibody for 40 minutes, washed again three times in PBS, and incubated for an additional 40 minutes with secondary antibodies
Image acquisition and live cell imaging
Movies and fixed cell data were acquired with a DeltaVision system (Applied Precision, Issaquah, WA), consisting of an inverted microscope IX70 equipped with 60ϫ/1.4 or 100ϫ/1.3 objectives (Olympus, Tokyo, Japan) and with a temperaturecontrolled box (Life Imaging Services, Switzerland, www.lis.ch) using Resolve3D software (Applied Precision). For live cell imaging, RAW cells were induced to differentiate in 35 mm glass-bottomed, medium was then changed to DMEM containing 25 mM HEPES without Phenol Red and riboflavin (Biological Industries, Beit Haemek, Israel), and supplemented with 10 ng/ml mCSF and 10 ng/ml RANKL. 3D image reconstruction data were acquired by Zeiss LSM510 confocal microscopy (Zeiss, Oberkochen, Germany).
Image analysis and statistics
All image analyses were carried out using Priism software for Linux operating systems (http://msg.ucsf.edu/IVE/Download/). To calculate the average podosome life span, time-lapse movies of GFP-actin from at least three different osteoclast preparations were collected at intervals of 10, 15 or 30 seconds. Movies were high-pass filtered (Zamir et al., 1999) and podosomes were traced along the movies. The calculation of average podosome life span, in all types of structures was based on sampling of podosomes from all parts of the super-structure. In cases of podosome fission or fusion, the daughter podosome(s) were counted as new structures.
Temporal ratios, and ratios between components, were then produced, as previously described (Zamir et al., 1999) . Briefly, the temporal ratio frame t+x was divided by t to produce a 'spectral image' in which blue pixels indicated new positive pixels, red pixels indicated faded structures and the intermediate colors represented more stable structures. The ratio between components was calculated by dividing the fluorescence intensities of two components thereby yielding a spectrum of numerators values that varied between 0.1 to 10 or 0.3 to 3.
Autocorrelation analysis was performed on movies that were high-pass filtered, after determining a threshold above which all pixels were defined as parts of adhesion structures. A mask was created by all pixels above the threshold in the first frame. In each consecutive frame, the sum of intensities of all pixels within this mask was multiplied by the sum of intensities in the first frame. The resulting values were then normalized, so that the multiplication of the first frame by itself would equal one. This measure of autocorrelation takes into account both changes in intensity of an adhesion, and misalignment resulting from movement of an adhesion. As both phenomena are indicative of disassembly, we view this autocorrelation index as an indicator of adhesion dynamics.
Measurements of podosome number and average intensity were performed by segmenting the images, using the so-called 'water algorithm', as previously described (Zamir et al., 1999) .
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